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@ The present invention pertains to an optical sensor for detecting gaseous or liquid chemical species which 
comprises a sensing element having a thin film and means of measurement by interference enhanced reflection. 
The sensing element comprises preferably a flat light reflecting substrate and one or more transparent thin 
organic or inorganic films or high-polymer films that are formed on said substrate. The detection of the gaseous 
or liquid chemical species is effected by measuring the change in the light reflection characteristic of the 
sensing element on the basis of the swelling of the thin film or the change in its thickness or refractive index or 
the changes in both parameters. The invention concerns also an apparatus including such optical sensor for 
detecting the presence of a toxic, combustible or flammable gas, vapor or solvent, an alarm and/or a means of 
running on and off switches or pipelines. 
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Background of the invention 

This invention relates to an optical sensor for detecting chemical species. More particularly, the 
invention relates to an optical sensor that relies upon interference enhanced reflection (hereunder abbre- 
5 viated as lER) for detecting chemical species using reflected light from a thin organic or high-polymer film 
that functions as a sensing element. The thin film either reacts with or adsorbs gaseous or liquid chemical 
species. 

Various types of optical sensors are known that rely upon the reflection of light for operation. One of the 
most recent examples is the proposal by Gauglitz et al., who reported a method of reflection spectroscopy 
70 for detecting gases or solvents using the swelling of polymer films (GIT Fachz, Lab., 7, 889, 1990). This 
method uses a white light source and a spectrometer for analyzing the spectral reflectance; hence, the 
equipment for implementing this method is bulky with the additional need to use an optical filter and other 
peripheral parts. 

European Patent Publication No. 0 282 009 A2 teaches a fiber optical detector that makes use of the 
75 change in reflectance due to the interaction with hydrocarbons. The operating principle of the detector 
described in the publication is that the refractive index of the cladding will change in the presence of 
hydrocarbons thus causing changes in optical losses. 

Nylander et al. discussed a gas sensor that relied upon surface plasmon resonance for operation 
(Sensors and Actuators, 3, 79-88, 1982). The conditions for resonance of surface plasmons that occur in the 
20 sensor are largely dependent on the optical parameters of the polymer film used in the sensor, which in 
turn will vary upon exposure to the vapors of organic matters. 

United States Patent Application Ser. No. 259,556 (October 18, 1988) teaches a fiber optic sensor for 
chemical species that has a thin metal film formed at an end of the optical fiber. The operating principle of 
this sensor is as follows: when the thin metal film is brought into contact with a chemical species, the 
25 thickness of the film and, hence, its reflection characteristics will vary, 

Butler reported an interference sensor that had a polymer film formed at an end of a multimode optical 
fiber. The operating principle of this sensor is that when the polymer is brought into contact with a chemical 
species, it will swell to thereby change the reflecting property of the fiber and at which the polymer is 
formed. A problem with this sensor is that it is not easy to form a thin polymer layer at an end of the optical 
30 fiber. 

Japanese Laid-Open Patent Application No. 77651/1992 describes a fiber optic sensor of chemical 
species that uses a sensing membrane containing both a dye and a chemical species sensitive compound. 
The operating principle of this sensor is that when the chemical species sensitive compound binds with the 
chemical species to be detected, the sensing membrane will experience a change in light reflectance or 
35 color. 

the fiber optic sensor described above have one problem in common; that is, the change in reflectance that 
can be observed is so small that no satisfactory sensitivity is attainable, whereby the dynamic range of the 
sensors is limited. 

Japanese Laid-Open Patent Application No. 190412/1992, 133900/1993 and 142152/1994 disclose a 
40 chemical sensor for ammonia and amine which uses a conductive polymer thin film on a transparent 
conductive substrate. The reflectance of the film changes when it is contacted with a chemical substance to 
be detected. However, the sensor is based on a simple reflection measurement that does not utilize the 
optical interference techniques. The present invention uses the lER method that specifically relies on optical 
interference from a thin structure. 
45 United States Patent No. 4,641,524 teaches an optical humidity sensor that is equipped with a mirror 
having a layer of a porous water-absorbing dielectric material. U.S. Patent No. 4,525,376 teaches a 
thickness regulator that relies upon wavelength-dependent reflection for monitoring a silicon layer on a 
substrate. 

Japanese Laid-Open Patent Application No. 19142/1992 describes an ammonia sensor which utilizes a 
50 change in light reflectance on the surface of a polymerized film having an electrically-conductive polymer. 
However, this sensor does not exhibit quick response and thus a sensor with quicker response has been 
demanded. 

An object of the present invention is to provide a sensor that has a higher sensitivity and selectivity, that 
features quick response, and that is small enough to be constructed easily. 
55 According to the present invention, there is provided an optical sensor for detecting gaseous or liquid 
chemical species that includes a sensing element having a thin film and a means of measurement by lER. 

The present invention also provides an optical sensor that uses a thin organic or inorganic film or a thin 
high-polymer film as the thin film in the sensing element. The present invention further provides an optical 

2 

BNSDOCID: <EP 0598341 A1J_> 



EP 0 598 341 A1 

sensor that is capable of 

detecting a single or a plurality of chennical species as distinguished from each other by measuring the 
change in the relative intensity of reflected light or the response on the basis of the swelling of the thin film 
or the changes in its optical parameters. 
5 The present invention also provides an optical sensor that comprises a series of sensing elements 

which are made of similar or dissimilar materials for achieving simultaneous detection of different chemical 
species, increasing the precision of identification, and correcting background effect. 

The present invention further provides an optical sensor that accomplishes not only quick response but 
also high sensitivity and broad dynamic range by selecting proper substrate materials, optimal values for 
10 the thickness of the thin film in the sensing element and the angle of incidence of light. 

The present invention also provides an optical sensor incorporated in a detection system that comprises 
a light source, a polarizer, optical paths for reference light and signal light, photodetectors, and electronic 
circuitry. 

75 Brief description of the drawings: 

Fig, 1 is a diagram showing the general layout of lER equipment; 

Fig. 2 is a graph showing the relationship between reflectance and the thickness of a thin film for 
both S and P polarization; 

20 Fig. 3 is a graph showing the relationship between the reflectance of S-polarized light, the change in 
reflectance and the thickness of a thin film; 
Fig. 4 is a graph showing the relationship between reflectance and the thickness of a thin film for 

varying angles of incidence; 
Fig. 5 is a graph showing the sensitivities to various chemical species as detected on a thin film of 
25 poly(lauryl methacrylate); 

Fig. 6 is a graph showing the sensitivities to gasoline and diesel oil as detected on a thin film of poly- 

(methyl methacrylate-co-butyl methacrylate); 
Fig. 7 shows the equipment using s photoreflector; 
and 

30 Fig. 8 shows the sensitivities to vapors of gasoline and diesel oil in case of using a thin film of poly- 
(benzyl methacrylate-co-2-ethylhexyl methacrylate). 
The sensing element that can be used in the present invention may comprise a flat reflecting substrate 
and one or more transparent thin organic or polymer films formed on that substrate. The thin film is of such 
a nature that it either reacts with or absorbs or adsorbs a certain chemical species. Alternatively, the thin 

35 film may react with or absorbs or adsorbs more than one chemical species that fall within a certain 
category. The thin film need not be made or organic or polymer materials and it may be made of other 
materials such as organometallic compounds and inorganic materials. The substrate for supporting the thin 
film is preferably flat enough to reflect incident light. Materials that can be used to make the substrate 
include, for example, highly reflective materials such as metals or semiconductors like silicon, or a reflecting 

40 film on substrate, and transparent glass. A high sensitivity and a broader dynamic range are attained if the 
substrate is highly reflective. 

In accordance with the present invention, gaseous or liquid chemical species are detected by 
measuring the change in the reflection characteristics of the sensing element on the basis of the physical 
change such as swelling of the thin film or the change in its thickness and/or refractive index. As already 

45 mentioned, the thin film reacts or otherwise interacts with one or more chemical species that fall within a 
certain category. As a result of such interaction, the thin film will swell or experience other changes, which 
in turn cause changes in the optical parameters (i.e. the thickness and refractive index) of the thin film. 
Since these various changes cause corresponding changes in the optical properties of the thin film, one can 
detect gaseous or liquid chemical species by measuring the change in the reflection characteristic of the 

50 thin film, or the sensing element which includes it. In the present invention, such change in the reflection 
characteristic of the thin film is measured by lER. In a preferred embodiment of the present invention, the 
change in the product of the thickness and refractive index of the thin film that occurs when it reacts with or 
absorbs or adsorbs a chemical species is detected through measurement by lER. 

lER is a method that utilizes the optical interference characteristics of the thin film. Light reflected from 

55 the surface of the thin film will interfere with light reflected at the interface between the thin film and the 
substrate. The intensity of reflected light is largely dependent on the thickness and refractive index of the 
thin film. Thus, the change in either the thickness of the thin film or its refractive index or the changes in the 
both factors will appear as the change in the intensity of reflected light. Even in the case where a plurality of 
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swollen thin filnns behave differently, the degrees of swelling of the respective thin filnns can be easily 
identified on the basis of the changes in the intensity of reflected light fronn the films. In short, the physical 
changes that occur in the thin filnn and which are used in lER are the changes in the thickness and/or 
refractive index of the filnn. In the present invention, the lER technique is used to check for the presence of 

5 a chennical species and/or detect its quantity as a function of the intensity or reflected light. 

The present invention also nnakes it possible to detect a plurality of chennical species as distinguished 
fronn each other by measuring the change in the intensity of reflected light or response time that occurs as 
a result of the swelling of the thin film or the change in its optical parameters (e.g. its thickness and 
refractive index). Stated more specifically, the interaction between the thin film and the chemical species to 

10 be detected varies with the types of the thin film and the chemical species and, hence, the intensity of 
reflected light that occurs as a result of the interaction will also vary with the specific combination of the thin 
film and the chemical species. The same is true of response time, which varies with the degree of 
interaction between the thin film and the chemical species. Thus one can distinguish between several 
chemical species on the basis of relevant information such as the change in the intensity of reflected light 

75 or response time. In order to detect and identify a plurality of chemical species simultaneously in the 
present invention, it is preferred to use a series of sensing elements that are made of similar or dissimilar 
materials. 

The sensor of the present invention may be designed as a system which includes not only the sensing 
element described above but also the necessary parts for constructing an lER measuring means, such as a 

20 light source, a polarizer, optical paths for reference and signal light, photodetectors and electronic circuitry. 
The sensing element received light from the light source and issues reflected light. The photodetectors 
receive the light reflected from the sensing element and the light travelling in the optical path for reference 
light and produce electric signals as a function of the intensity of light. The electronic circuitry checks for 
the presence of a chemical species and/or calculates its quantity by making comparison between electric 

25 signal Is which is indicative of the intensity of reflected light from the sensing element and electric signal Ir 
which is indicative of the intensity of reference light. The electronic circuitry having this function may be 
equipped with an additional circuit for producing an output signal that responds linearly to the quantity of 
the chemical species to be detected. If the sensor of the present invention is to detect the presence of 
toxic, combustible or flammable gases, vapors or solvents, the signal generated by the electronic circuitry 

30 may be used to trigger an alarm and/or perform on-off control over various switches or pipelines. If desired, 
means may be added to control the equipment or process under consideration. Adopting an optical 
detection means, the sensor of the present invention is effectively protected against explosion and, hence, 
is particularly useful for the purpose of detecting the leakage of explosive or flammable substances. 

For these reasons, the sensor of the present invention is applicable to various uses over a broad range 

35 including process control, quality control, environmental monitoring, and detection of gas or liquid leakage. 

One of the most appropriate use of the sensor of the present invention is in selective identification of 
fuel types at gas stations, especially for distinguishing between gasoline and diesel oil which are frequently 
confused by servicemen. Since the sensor of the present invention is explosion-proof, it can be used safely 
even at sites such as gas stations that handle flammable or combustible substances. The applicability of the 

40 sensor was fully demonstrated within the temperature range of -40 to 80 ' C which is generally held to be 
necessary for the purpose of detecting gasoline as distinguished from diesel oil. In addition, it is possible to 
assemble a sensor system using a plurality of sensors according to the present invention. 

An embodiment of the present invention is shown in Fig. 1. Light to be incident of the sensing element 
indicated by 1 is issued from a light source 2, which may be a laser or a light-emitting diode (LED). The 

45 laser may be a He-Ne laser. The light issued from the light source 2 is divided into two beams by a beam 
splitter 3; one of the beams is admitted into a polarizer 4 and the other beam travels in an optical path for 
reference light 5 and reaches a photodetector for reference light 6, where it is converted to an electric 
signal. The light passing through the polarizer 4 is polarized in a direction normal to the plane if incidence 
of the sensing element 1. The polarized incident light is reflected not only on the surface of the sensing 

50 element 1 (i.e., the surface of a thin film 7) but also at the interface between the thin film 7 and a substrate 
8. The light reflected form the surface of the thin film 7 interferes with the light reflected at the interface and 
the resulting light travels to a photodetector for signal light 9, where it is converted to an electric signal. The 
photodetectors may be photodiodes and they generate electric signals in proportion to the intensity of the 
light they receive. The photodetector 6 for reference light generates electric signal Ir and the photodetector 

55 9 for signal light generates electric Is; these electric signals are supplied to electronic circuitry 10, which 
outputs the ratio between the two electric signals (Is/Ir) as a measurement signal. The thus produced output 
signal is recorded on a suitable recording means 1 1 . 
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As a fight source of the present invention can be used lasers, laser diodes (LD), light emitting diodes 
(LED) and incoherent light sources such as lamps. In addition, it is possible to use combinations of these 
light sources, optical filters and optical components to collimate and guide light. It is also possible to use 
combinations of these light sources and optical fibers. In case of using an incoherent light source as a light 
5 source, it is preferable to combine it with optical filters. 

In the present invention, it is possible to use a combination of a single or a plurality of sensing elements 
with a light source having a different wavelength in order to improve the sensitivity and dynamic range of 
the sensor. 

A light source and a photodetector to be used in the present invention may be an integrated device 
70 including both a light source and a photodetector detecting light from said light source. As such a light- 
source/photodetector integrated device can be generally used a photoreflector, a reflection photosensor, a 
reflection photointerrupter and a light reflector IC. Or alternatively, the integrated device may be a 
photosensor unit in which an LED and a diode photodetector/phototransistor are arranged on the same side. 
According to such a photosensor unit, reflection from the sensing film disposed in front of a light-emitting 
15 diode and a photodetector can be detected. Further, in addition to the above the integrated device may 
contain an amplifier for amplifying signals and an electronic circuit for signal processing device. Hence, the 
sensor of the present invention may comprise a sensing element, an integrated device including a light 
source and a photodetector, and electronic circuitry. 

In another preferred embodiment of the present invention, the polarizer 4 may be positioned down- 
20 stream of the site where the incident light is reflected by the sensing element 1 . In still another preferred 
embodiment, the polarizer 4 and the beam splitter 3 may be replaced by a polarizing beam splitter. The 
use of a polarizing beam splitter offers the advantage that perpendicularly polarized light is launched into 
the optical path for signal light while parallel polarized light is launched into the optical path for reference 
light 5. 

25 The quantity of light reflected by the thin film on the substrate is determined not only ba the incident 
angle of the light and the degree of its polarization but also by the thickness of the thin film, its refractive 
index and the refractive indices of the media above and below the thin film. The light reflected from the 
surface of the thin film interferes with the light reflected at the interface between the thin film and the 
substrate. This phenomenon of light interference is largely dependent on the thickness and refractive index 

30 of the thin film. 

Fig. 2 is a graph showing the results of calculation of the relationship between the thickness of a thin 
film and the reflectance of light incident on the film. The thin film used in the experiment had a refractive 
index of 1.522 and it was supported on a silicon substrate. The incident light was polarized either parallel or 
normal to the plane of incidence and the angle of incidence was 70 " . The incident light had a wavelength of 

35 633 nm. As is clear from Fig. 2, incident light polarized normal to the plane of incidence was much more 
sensitive to the film thickness than parallel polarized incident light. It is therefore preferred to use normal 
polarized incident light rather than parallel polarized incident light in the present invention. Needless to say, 
unpolarized light may be used as incident light but it should be noted that the use of unpolarized incident 
light tends to result in a lower sensitivity of measurement. 

40 In the present invention, light may be split, guided or collected or collimated on the sensing element or 
photodetectors by means of appropriate optical members and fiber optics. 

The present invention has been accomplished on the basis of the fact that the thin film in the sensing 
element reacts with or absorbs or adsorbs a chemical species to thereby experience a change in either the 
thickness or refractive index of the film or changes in both factors. Using the lER technique, such change or 

45 changes are measured as corresponding changes in reflected light, whereby the chemical species of 
interest os checked for its presence and/or its quantity is detected. The thin film to be used for this purpose 
in the present invention may be composed of any organic and polymer materials that are capable of various 
interactions (e.g. reaction, adsorption and absorption) with the chemical species to be detected. Examples 
of such materials include vinyl polymers having various side-chain groups, as well as polysiloxanes and 

50 polycondensation products (e.g. polyesters, polyamides, polyimides, polyurethanes and polyureas). 

From the viewpoint of sensitivity, a homopolymer or a copolymer having the following recurring unit (I) 
can be preferably used: 



55 
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CH2 



X - C - (I) 



10 

wherein 

X represents -H, -F, -CI, -Br, -CH3, -CF3, -CN or CH2-CH3; 

represents -R^ or -Z-R^; 

Z represents -0-, -S-. -NH-, NR^-, -NR^'-, -(C = Y)-. -(C = Y)-Y-, -Y-{C = Y)-, - (SO2)-, -Y'- 

15 (SO2)-, -(S02)-Y'-. -r-(S02)-Y'-, -NH-(C-0)-,-(C = 0)-NH-, - (C = 0)-NR2'-, _y,.(C = Y)-Y'- 

or -0-(C = OHCH2)n-(C = 0)-0-; 
Y represents independently O or S; 

Y' represents independently O or NH; 

n represents an integer of 0 to 20; and 

20 R^ and R^' represents independently, a straight-chain alkyi group, branched-chain alkyi group, 
cycloalkyi group, unsaturated hydrocarbon group, aryl group, saturated or unsaturated 
hetero ring or derivatives thereof. 
Particularly preferably used is a homopolymer or copolynner having the above recurring unit (I): 
wherein 

25 X represents H or CH3; 

R^ represents a substituted or unsubstituted aryl group or -Z-R^; 
Z represents -0-..-{C = 0)-0- or -0-(C = 0)-; and 

R2 represents a straight-chain alkyt group, a branched-chain alky! group, a cycloalkyi group, an 
unsaturated hydrocarbon group, an aryl group, a saturated or unsaturated hetero ring or 
30 substituents thereof. 

More preferably used are: 

poly(nnethyl methacrylate); poly(isodecyl meth aery late); poly(2-ethylhexyl nnethacrylate-co-styrene); poly- 
(ethylhexyl methacrylate); poly(methyl methacrylate-co-2-ethylhexyl acrylate); poly(methyl methacrylate-co- 
2-ethylhexyl methacrylate); poly(cyclohexyl acrylate); poly(dodecyl methacrylate); poly(vinyl propionate); 

35 poly(benzyl methacrylate-co-2-ethylhexyl methacrylate); poly(2-ethylhexyl methacrylate-co-glycidyl 
methacrylate); poly(butyl methacrylate); and poly(tetrahydrofurfuryl methacrylate). 

Besides these polymers, compounds of low molecular weights can also be used and they include, for 
example, phthalocyanides, prphines, prhyrins, organometallic complexes, chelating agents (e.g. crown 
compounds such as cyclodextrins, calixarenes, crown ethers and azacrowns), and cryptands. Inorganic 

40 substances such as metal oxides and sulfides can also be used to make the substrate. Exemplary inorganic 
substances include Si02, Ti02. AI2O3 and ZnS. these substances may be used in aerogel and various other 
forms. 

The thin film In the sensing element to be used in the present invention may have a multilayer 
structure, as exemplified by the combination of a SIO2 layer with an organic or high-polymer layer. The 
45 organic or high-polymer layer is formed on the Si02 layer and functions as a detector of chemical species. 

The substrate for supporting the thin film may be formed of transparent glass or highly reflective 
material such as a semiconductor or a metal. A glass substrate or other substrates that carry metal or 
semiconductor films may also be used. Highly reflective materials are preferred substrate materials since 
they are more reflective than glass and, hence, provide a higher sensitivity and a broader dynamic range. 
50 On the other hand, the use of a transparent substrate such as a glass substrate has the advantage that light 
can be admitted onto the thin film from the side facing the substrate. As a result, the optical path of incident 
light can be kept apart from the chemical species to be detected. This advantage proves to be the most 
effective in the case of detecting non-transparent (opaque or translucent) chemical species. 

The thin film in the sensing element to be used in the present invention may be formed by any known 
55 thin film processes, such as spin coating, the casting of solutions of film-forming materials in solvents, 
vapor-phase deposition and other evaporation techniques. 

For a given angle of incidence, the thin film has an optical thickness which depends on its reactive 
index. Typically, the optimal value is selected from those which provide large S/N ratios, for achieving a 
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higher sensitivity and a faster response tinne, the thin filnn has preferably a thickness of 1 urn and below. 

The sensor of the present invention has many advantages: first, the light source, detectors and other 
necessary components need not be of any special types and, hence, the sensor has a very simple 
construction and can be manufactured at low cost; second, the equipment is small in size; third, the thin 
5 film can be formed on a flat substrate very easily compared to the prior art sensor that has the thin film 
formed at an end of an optical fiber; fourth, a very thin film can be formed on the substrate and this 
contributes to higher sensitivity and a faster response time. 

The following examples are provided for the purpose of further illustrating the present invention but are 
in no way to be taken as limiting. 

10 

Example 1 

Determining optimal values for the thickness of thin film and the angle of incidence. 
As Fig. 2 shows, the intensity of light reflected from a thin film is a periodic function of the film 
75 thickness. If the substrate is made of silicon, the condition for the intensity of reflected light to assume a 
maximum and a minimum value in the case of S polarization is expressed by the following equation: 

4ndmncos0/X = m (m = 0.1.2) 

20 If m is an even number the intensity of reflected light is at maximum and if m is an odd number, the 
intensity is at minimum. In the above equation, X designates the wavelength of incident light, n the refractive 
index of the thin film, Q the angle of light propagation through the thin film, and dm the thickness of the film. 

To achieve quick response, the thickness of the film is preferably small. The condition of primary 
reflection for the intensity of reflected light to be at minimum is that the thickness of the film satisfy the 

25 following relation: 

di = X/4ncos0 

If the thin film is made of poly(2-ethylhexyl methacrylate-co-styrene) and if the angle of incidence is 70", 

30 the film thickness is 132,1 nm since n = 1.522. 

The sensitivity of measurement is determined by the change in reflectance R (i.E., 5R/R). Fig. 3 shows 
the calculated values of reflectance R and its change 5R/R for the case of using a sensing element made 
from the combination of thin film of poly{2-ethylhexyl methacrylate-co-styrene) with a silicon substrate. 
Obviously, 5R/R peaks at d = 135 nm. It was therefore preferably that the thin film in the sensing element 

35 under consideration should have a thickness of 135 nm. 

The relationship between reflectance R and incident angle for the sensing element made from the 
combination of a thin film of poly(2-ethylhexyl methacrylate-co-styrene) with a silicon substrate is shown in 
Fig. 4, from which one can see that 5R/R, or the gradient of R, increases with the incident angle. However, 
as far as the sensitivity (5R/R) is concerned, the incident angle is preferably 70" or so. 

40 

Example 2 
Measurement by lER 

45 Measurements were conducted at room temperature using equipment having the layout shown in Fig. 1. 

S-polarized light from a He-Ne laser was divided by a beam splitter into reference light and signal light. The 
laser light had a wavelength of 832.8 nm. The signal light was allowed to be indicant on the thin film in the 
sensing element. The reference light was supplied to the associated photodetector, where it was converted 
to an electric signal Ir. On the other hand, the signal light as reflected by the sensing element was supplied 

50 to the associated photodetector, where it was converted to an electric signal Is- The two electric signals 
were compared in electronic circuitry and the result was delivered as output from a personal computer. 

The sensing element was composed of a thin film of poly(dodecyl methacrylate) on a silicon substrate 
and it was prepared by the following procedure: 

poly(dodecyl methacrylate) was dissolved in cyclohexanone to make a 10 wt% solution, which was spin 
55 coated onto the silicon substrate. The thickness of the polymer film was adjusted by varying the rotating 
speed of the silicon substrate. The thus formed polymer films of varying thicknesses were dried in a 
vacuum-drying furnace at temperatures in the neighborhood of the glass transition point of the polymer. The 
film thickness was measured by a stylus method with a surface texture analyzing system Model 3030 ST of 
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DEKTAK Corp. The films had thicknesses in the range from about 100 to about 300 nm. 

For measurements by tER. the sensing element was placed in a flow cell, through which gaseous, 

vaporized or liquid samples could be admitted. The incident angle of laser light was set to lie between 56 

and 70" depending upon the thickness of the polymer film. 
5 Fig. 5 shows the results of measurements by lER on the vapors of hexane, methanol, ethanol and water 

that were admitted through the flow celt. The polymer film had a thickness of 135 nm and the laser light 

was allowed to be incident at 70 v As Fig. 5 shows, the thin film of poly(dodecyl methacrylate) was 

responsive to hexane with a very high sensitivity but its sensitivity to methanol and ethanol was low. The 

film was practically insensitive to water. 
10 One can also see from Fig. 5 that the thin film of poly(dodecyl methacrylate) responded to hexane very 

quickly. In Example 2 under consideration, data were sampled at intervals of 1 sec. In view of the fact that a 

124 % relative change in the intensity of reflected light was recorded at one sampling (i.,e. one second), the 

sensor of the present invention features very quick response. 

75 Example 3 

Detecting the vapors of various chemical species with different thin films 

Various polymers were processed into thin films, which were used to make sensing elements according 
20 to the present invention, the polymers used were: Poly(vinylpyrrolidone), PVP:poly(vinyl propionate), 
PVPr:poly(vinyl acetate), PVAc: polystyrene, PST: poly(dodecyl methacrylate), PDDMA: and poly(butyl 
methacrylate), PBMA. 

Thin films were formed from these polymers by the following procedure. First, the polymers were 
dissolved in a suitable solvent, say. cyclohexanone to prepare solutions at concentrations of 5 - 10 wt%. 

25 The solutions were spin coated onto silicon substrates to form thin films, which were then dried in a 
vacuum-drying furnace for about 1.5 hours at temperatures in the neighborhood of the glass transition 
points of the respective polymers. The thicknesses of the dried films were measured by the same method 
as in Example 2. To improve the detection sensitivity, the film thickness should be no more than 1 urn and 
in Example 3 under consideration, all the films used were 135 nm thick. 

30 For measurements by lER. the sensing element was placed in a flow cell, through which the vapors of 

various hydrocarbons could be admitted together with air or nitrogen. The vapors of hydrocarbons to be 
detected were prepared by bubbling air or nitrogen through the hydrocarbons in a liquid state. The 
hydrocarbons used in Example 3 were toluene, hexane, methanol and ethanol. Water was also used as a 
species to be detected. 

35 Light from a He-Ne laser (X, 632,8 nm) was applied to each of the thin film at an incident angle of 70^ 
The laser light had been polarized linearly in a direction normal to the plane of incidence. The intensity of 
reflected light from the thin films was measured with the associated photodetector, whose output was 
recorded on a chart recorder and a personal computer (Compaq 388 PC). 

The results of measurements are shown in Table I in terms of "sensitivity", which is the percentage of 

40 the change in the intensity of reflected light as divided by the absolute value of the same intensity. As is 
clear from Table I. the sensitivity of measurement varied with the kinds of thin film and hydrocarbons to be 
detected. 

Table I 
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Polymer 


Toluene 


Hexane 


Methanol 


Ethanol 


Water 


PVP 


30.0 


6 


9.5 


16.0 


24.5 


PVPr 


46.8 


14 


14.1 


17.2 


1.4 


PVAc 


2.0 


6.3 


22.6 


9.4 


12.5 


PSt 


2.7 


<1.0 


6.6 


6.3 


6.0 


PDDMA 


115.9 


124.3 


10.0 


14.3 


0.6 


PBMA 


59.1 


38.5 


9.5 


20.8 


5.7 
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Example 4 

Detecting different chemical species with more than one sensor 

5 A plurality of chemical species can be distinguished from each other or detected simultaneously by 

means of a plurality of series of sensing elements. 

As Table I in Example 3 shows, the thin PVP film has high sensitivity to toluene and water but its 
sensitivity to hexane is low. On the other hand, the thin PDDMA film has high sensitivity to toluene and 
hexane but is substantially insensitive to water. Therefore, it is not easy to detect those chemical species as 

w distinguished from each other by using the thin PVP and PDDMA film individually. In Example 4 under 
consideration, both thin films were formed on one silicon substrate to provide two channels of measurement 
and the intensity of reflected light was measured at room temperature for each independent channel. By 
comparing the measured intensities of reflected light, toluene, hexane and water could be identified 
simultaneously, 

75 

Example 5 

Detecting gasoline and diesel oil 

Gasoline and diesel oil were detected with equipment having the same construction as in Example 3. 
The sensing element was composed of a thin film of poly(methyl methacrylate-co-butyl methacrylate) on a 
silicon substrate and it was formed by the following procedure: poly(methyl methacrytate-co-butyl 
methacrylate) was dissolved in cyclohexane to make a 10 wt% solution, which was spin coated on the 
silicon substrate. The polymer film thus formed had a thickness of 131 nm. Light from a He-Ne laser was 
admitted onto the film at an incident angle of 70". The result of detection with this sensing element is 
shown in Fig. 6. 

As is clear from Fig. 6, the thin film of poly(methyl methacrylate-co-butyl methacrylate) has high 
sensitivity to gasoline but very low sensitivity to diesel oil. Therefore, using this film, one can detect 
gasoline and diesel oil as distinguished from each other. 

Example 6 

Detecting gasoline and diesel oil with a photoreflector 

In Fig. 7 is shown the arrangement of n detection system of a sensor with a photoreflector. A film of 
poly(benzyl methacrylate-co-2-ethylhexyl methacrylate) was formed on a silicon substrate by means of spin 
coating. This polymer film had a thickness of 420 nm and a refractive index of 1.53. The silicone substrate 
coated with this polymer film was provided in front of a Photoreflector P2826 manufactured by Hamamatsu 
Photonics. The distance was 3 mm. The light from a light-admitting diode is reflected upon the polymer film 
40 and detected by means of a phototransistor in the Photoreflector P2826. The light source of the 
Photoreflector P2826 was a gallium-arsenic emission diode, whose peak wavelength was about 940 nm and 
half-value width was 50 nm. The photodetector of the Photoreflector P2826 was a silicone phototransistor. 

In Fig. 8 are shown output signals of gasoline vapor and diesel vapor. The vapors were flowed between 
the photoreflector and the silicone substrate coated with the polymer film. 
45 As is clear from Fig, 8, the thin film of benzyl methacrylate-co-2-ethylhexyl methacrylate has low 

sensitivity to diesel oil but high sensitivity to gasoline. Therefore, using this film, it is possible to detect 
gasoline and diesel oil as distinguished from each other. 

Claims 

50 

1. Optical sensor for detecting gaseous or liquid chemical species, characterized that it comprises a 
sensing element having a thin film and means of measurement by interference enhanced reflection. 

2. Optical sensor according to claim 1, characterized in that the sensing element comprises a flat light 
56 reflecting substrate and one or more transparent thin organic or inorganic films or high-polymer films 

that are formed on said substrate. 
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3. Optical sensor according to claim 1 or 2, characterized in that it detects gaseous or liquid chemical 
species by measuring the change In the light reflection characteristic of the sensing element on the 
basis of the swelling of the thin film or the change in its thickness or refractive index or the changes in 
both parameters. 

5 

4. Optical sensor according to claim 1 or 2, characterized in that it detects the change in the product of 
the thickness and refractive index of the thin film by the means of measurement by interference 
enhanced reflection, said change occurring as a result of the thin film reacting with or absorbing or 
adsorbing the chemical species to be detected. 

10 

5. Optical sensor according to any of claims 1 through 4, characterized in that it checks for the presence 
of the chemical species and/or detects its quantity as a function of the intensity of reflected light. 

6. Optical sensor according to any of claims 1 through 5, characterized in that it detects a plurality of 
75 chemical species as distinguished from each other by measuring the change in the intensity of 

reflected light or response time on the basis of the swelling of the thin film or the change in its 
thickness or refractive index or the change in both parameters, 

7. Optica! sensor according to claim 6, characterized in that it comprises a series of sensing elements that 
20 are made of similar or dissimilar materials for achieving simultaneous detection and identification of 

different chemical species. 

8. Optical sensor according to any of claims 1 through 7, characterized in that it comprises the sensing 
element, a light source, a polarizer, optical paths for reference light and signal tight, photodetectors and 

25 electronic circuitry. 

9. Optical sensor according to any of claims 1 through 7, characterized in that it comprises the sensing 
element, an integrated device including a light source and a photodetector, and electronic circuitry. 

30 10. Apparatus including an optical sensor according to any of claims 1 through 9 for detecting the presence 
of a toxic, combustible or flammable gas, vapor or solvent, an alarm and/or a means of running on and 
off switches or pipelines. 
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Reflectivity of a styrene containing copolymer film on a silicon 
substrate for s-polarized light (X= 633 nm) at different light 
incidence angles 
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lER response of a poly- laurylmethacryiate film to vapors of 
different solvents. 

( X = 633 nm, s-polarized, incidence angle: 70 degree, film 
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lER response of a MMA-copolymer film to Gasoline and Diesel 
vapors. 

(s-polarized light, X = 633 nm, incidence angle: 70 degree, 
film thickness: 131 nm, substrate: silicon) 
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Configuration of a chemical sensor utilizing a photoreflector 
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Signals from a sensor in response to gasoline and diesel 
vapors, respectively. The sensor consists of a Hamamatsu 
photoreflector P2826 and EHMA-BZMA-copolymer film (film 
thickness: 420 nm, substrate: silicon) 
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